| INTRODUC TI ON
Rats, mice, and pigs are used in animal studies to better understand and improve cellular therapy. In particular, porcine organs are similar to those of humans, making pigs suitable models for research. 1, 2 Pigs have also been used as experimental models for evaluating the choice of cells used in the development of stem cell-based therapy, 3, 4 regenerative medicine, 5 and transplantation. 6 Because of management and economic reasons, the use of laboratory animals is limited in these studies.
MSCs are the main candidates for cellular therapy because they are easy to obtain from tissues and have multipotent differentiation ability. Porcine mesenchymal stem cells (pMSCs) can also be easily isolated and cultured from fat 7 and bone marrow. 7, 8 In addition, the characteristics of pMSCs isolated from different origins have been well studied. 9 and differentiation potential depending on their tissue of origin. 9, 18 In the case of pancreas-derived MSCs, islet-or exocrine cell-specific genes are expressed. 19, 20 In addition, MSCs are predisposed to differentiate into the various cells that are found in the tissue from which they were derived.
Thus, it may be more effective to differentiate MSCs into these origin cells using pluripotent cells from the specific tissue than those derived from different tissue sources. In addition, it is possible to improve the differentiation efficiency by reprogramming only the genes that are negligibly expressed or the cells that lack the major genes for differentiation. The genes, Pdx1 (pancreatic and duodenal homeobox 1), Ngn3 (neurogenin 3), and MafA (v-maf musculoaponeurotic fibrosarcoma oncogene family, protein A), have been reported to bring about the transdifferentiation of pancreatic exocrine cells into beta cells in vivo, 21 and furthermore, the combined actions of the three factors were found to lead to the conversion of acinar cells into the three major islet endocrine subtypes, α-, β-, and δ-cells, in vivo 22, 23 as well as in vitro. 24 However, in vitro experiments indicated that these three combined actions did not result in reprogramming of genuine beta cells in any of the cell types. 25 Therefore, the efficiency of differentiation into beta cells may be improved by treating cells with compound combinations that effectively improve reprogramming. These results indicated that, although reprogramming involving only genetic changes is important in vitro, cellular environmental factors also play a role.
We have previously reported that adult human pancreas-derived MSCs may play a major role in differentiation into pancreatic cells, including endocrine cells, or in the regeneration of the pancreas because these cells intermittently express the major genes associated with endocrine cells, including Pdx1, Ngn3, and MafA. 19 In this study, we aimed to differentiate adult porcine pancreas-derived MSCs (ppMSCs) into insulin-producing cells (IPCs) using reprogramming and environment alteration to improve the efficiency of differentiation in vitro.
| ME THODS

| Isolation and culture of adult ppMSCs
All pigs were purchased from an official supplier (MEDIKINETICS Co. Inc., Pyeongtaek-si, Korea). The pigs were 5 or 6 years old, with a body weight from 45 to 50 kg (SPF Micropig). Splenic, duodenal, and connecting lobes of the pancreas were procured within 30 minutes of warm ischemia and placed into chilled preservation solution.
Each section was cannulated for injection of Liberase DL (Roche, Indianapolis, IN, USA). Each part of the pancreas was distended intraductally with preservation solution containing 0.15% Liberase DL (w/v) at a ratio of 1.7 mL preservation solution per gram of pancreas tissue. Digestion of the pancreas was performed using a modification of Ricordi's automated isolation technique for pancreatic islets.
In brief, pancreata were placed into a 450-mL stainless steel chamber containing seven glass marbles and a 400-μm pore size steel mesh screen. The digestion system filled with Hank's balanced salt solution 
| Reprogramming of ppMSCs
| Differentiation into IPCs
Reprogrammed ppMSCs were induced to differentiate into IPCs and divided into two groups. One group was cultured under standard conditions (DMEM + 10% FBS) for 6 days. The other group was cultured in medium containing the differentiation-inducing factors (MEM Zinc option media, 5% FBS, 10 μmol/L forskolin, 10 μmol/L dexamethasone, 10 μmol/L nicotinamide, and 2 μmol/L retinoic acid) for 6 days.
| Reverse transcription-polymerase chain reaction (RT-PCR)
Total RNA was extracted from the exocrine cells on culture days RT-PCR results were normalized against the GAPDH microglobulin housekeeping gene. The sequences of PCR primers for each gene are shown in Table S1 .
| Quantitative PCR (qPCR)
Total RNA isolation and cDNA synthesis were performed as described above. qPCR products were observed using SYBR Green
HiPi Real-Time PCR 2x Master Mix (ELPIS Biotech, Daejeon, Korea). Pancreatic endocrine gene-specific primers were also designed. The qPCR protocol consisted of a two-step reaction: predenaturation at 95°C for 5 minutes and denaturation at 95°C for 15 seconds. Thereafter, 45 cycles of annealing/extension/detection at 55°C or 60°C for 20 seconds were performed. After the reaction was completed, gene expression was analyzed using the 2 −(ΔΔCt) method. 
| Immunofluorescence staining
| Porcine c-peptide and glucagon medium content analysis
The concentration of porcine c-peptide and glucagon in the culture medium was measured by ELISA (Mercodia AB, Sylveniusgatan, Sweden) on the 6th day after induction of differentiation. The amount of c-peptide secreted after culturing for 2 days in RPMI medium suitable for islet cell culture was also confirmed in the culture medium.
The experiment was carried out according to the ELISA manual.
| Statistical analysis
Continuous normally distributed variables are summarized and presented as the mean ± standard deviation (SD). qPCR data are presented as the mean value, determined using duplicates. To calculate relative expression, that of the control was fixed at 1. Statistical analysis was performed using SigmaPlot 8.0 statistical software (SPSS Inc., Chicago IL, USA), and two-sided Student's t tests were used. Differences with P values of less than 0.005 were considered significant.
| RE SULTS
| Isolation and expansion of adult ppMSCs
Adult porcine crude exocrine cells were cultured for 4 days and then passaged. Thereafter, the characteristics of the cells that grew during the 5th passage were analyzed once every 3 days ( Figure 1A ). 
| Characterization of ppMSCs
Previously, we reported that the MSCs isolated from the human pan- Based on these results, we concluded that the passage-5 cells were pure ppMSCs because the fragmented single islets were found in the crude exocrine fraction and remained in culture through passage 3. In addition, the expression of major transcription factors in the pancreas, such as Pdx1, Ngn3, MafA, and NeuroD, was analyzed, and it was confirmed that both Ngn3 and NeuroD were continuously expressed regardless of the passage (Figure 2A) . Therefore, we determined that ppMSCs expressed amylase, CK18, Ngn3, and NeuroD and can be easily and efficiently differentiated into beta cells.
| ppMSCs reprogramming with beta cellspecific genes
For differentiation into IPCs, the ppMSCs were reprogrammed with a combination of the transcription factors Pdx1, Ngn3, and MafA (M3), which are known to be important for beta cell differentiation, and differentiated in vivo. Although Ngn3 was spontaneously expressed in ppMSCs, the reprogramming gene was induced in three combinations that included Ngn3. Because all reprogramming genes were derived from mice, we wanted to offset the difference in expression due to the differences in gene sequences between species. After reprogramming with the adenovirus, we observed the 
| Confirmation of expression of endocrine cells markers
After reprogramming, the cells were cultured for 5 days in a normal growth medium or a differentiation-suitable induction me- Figure 6A ). We conducted additional experiments to exclude the effects of forskolin on insulin granule exocytosis and identify naturally secreted insulin levels without external stimuli. Figure 6B shows the c-peptide concentrations after incubation for 2 days in RPMI 1640 medium (10% FBS, 1% antibiotics) suitable for islet cell culture without any induction factors, including forskolin, after 6 days of culture in each differentiation-inducing culture medium. As a result, the c-peptide concentration decreased by about 24% when the forskolin treatment was not performed.
However, the difference in the c-peptide concentration change rate between the conditions of the suitable induction medium and the normal culture medium was not significant ( Figure 6B ).
We also measured the quantitative changes in secreted glucagon by ELISA ( Figure 6C ) and observed that the amount of secreted glucagon was further increased when the M3 gene was introduced and a culture medium suitable for differentiation was used. These results were similar to the previous gene expression results, suggesting that M3 induction and appropriate differentiation environment conditions allowed for more efficient differentiation into IPCs.
| D ISCUSS I ON
In this study, we isolated MSCs from pancreatic tissue culture using a cell passage technique and found that the cells expressed appropriate MSC markers. In fact, MSCs are cells that are easily isolated from fat, bone marrow, and placenta. However, in this study, MSCs were directly isolated from pancreatic tissue to obtain cells that spontaneously expressed pancreatic cell-specific markers such as Pdx1, Ngn3, and MafA. We previously reported that
MSCs isolated from the human pancreas spontaneously expressed these major transcription factors. 19 Although ppMSCs do not significantly express these factors, except for Ngn3 and NeuroD, they still possess the potential to differentiate into IPCs. Although reprogramming of various major transcription factor combinations to induce differentiation into IPCs has been reported, [26] [27] [28] we used the M3 gene combination, which caused direct differentiation from exocrine cells into IPCs in vivo. 21, 23 However, according to previous reports, not all cells are induced into IPCs by the M3 gene in vitro. 25 This was thought to be due to differences in the origin of the cells and their corresponding epigenomes. We therefore de- In addition, this medium included nicotinamide (Nico), forskolin, dexamethasone (Dexa, an agonist of the glucocorticoid receptor), and retinoic acid (RA). 30, 31 Forskolin is an adenylate cyclase activator that increases intracellular cyclic AMP (cAMP) levels, suggesting that an increase in intracellular cAMP might enhance the differentiation of pancreatic endocrine progenitor cells into IPCs. 32, 33 It has also been reported that the combination of dexamethasone and forskolin allows the number of IPCs to remain stable for a long period of time. 30 Retinoic acid is also known to promote the generation of pancreatic endocrine progenitor cells and their further differentiation into IPCs. 34 We therefore predicted that a combination of these factors would cause cells with gene expressions similar to those of pancreatic progenitor cells to differentiate into IPCs through reprogramming.
Interestingly, we found that the expression levels of Pdx1, MafA, Ngn3, and NeuroD in the control mCherry virus-treated group were increased by 2-fold to 3-fold compared to those in the group that received no virus treatment. One possible explanation is that a random integration of the viral genome led to the stimulation of differentiation.
We hope to confirm these results through additional follow-up studies.
In fact, as suggested, we transplanted ppMSCs isolated from the pig pancreas into diabetic-induced mice after final differentiation. Unfortunately, the blood glucose level did not adjust to the normal blood glucose level, and the mice remained diabetic. We are preparing a follow-up study on how to improve the differentiation rate of cells, in vivo compatibility after transplantation, and in vivo effects to increase survival and safety. The main goal of our current study was to develop an efficient method for differentiating pancreaticorigin MSCs into insulin-producing cells in the pancreas of a large animal such as a pig in order to obtain a large number of insulinproducing cells, which would pave the way for possible application in humans. In particular, we believe that the tissue-specific origin of cells that we propose will be of interest to researchers looking for specific graft cells for xenotransplantation. 
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